The ribonucleoprotein-dependent RNA transcriptase in vesicular stomatitis B virions of four temperature-sensitive (ts) mutants belonging to complementation group I was analyzed in vitro at permissive (31 C) and restrictive (39 C) temperatures. The RNA-synthesizing activity of all four ts mutants was more labile at 39 C than was the transcriptive activity of wild-type (wt) virions. In order to locate the temperature-sensitive transcription defect in the mutants, wt and ts mutant virions were fractionated by Triton X-100-high salt solubilizer into a sedimentable ribonucleoprotein template and a nonsedimentable enzyme fraction, each of which alone had little or no transcriptive activity. The template-and enzyme-containing fractions of wt virions were then tested for their capacity to restore transcriptive activity at 39 C to corresponding template and enzyme preparations of ts mutant virions. Recombination of' wt template and ts enzymes resulted in no significant restoration of capacity to synthesize RNA at restrictive temperature. In contrast, transcriptive function at 39 C was reconstituted by recombining the wt enzyme with the template component of ts mutants. It appears, therefore, that the enzyme, rather than the template, is the temperature-sensitive component of the transcription complex of group I vesicular stomatitis virus mutants.
Vesicular stomatitis (VS) virions contain single-stranded RNA and RNA-dependent RNA polymerase (2) . This transcriptase enzyme functions in vitro by catalyzing the synthesis of RNA complementary to virion RNA (2, 3, 5) . Since the virus-specif'ic mRNA transcribed in VS viral-infected cells is complementary to virion RNA (15, 18) and is made in the presence of cycloheximide (16) , it is likely that the virion transcriptase functions early in infection to synthesize mRNA. The transcriptase has very stringent template requirements (4); the enzyme has been found to function only with nucleocapsids of inf'ectious virions as template (9) . Emerson and Wagner (9) have also shown that VS virions can be separated by exposure to Triton X-100 in a high salt environment into nucleocapsid template (high-speed pellet) and transcriptase (supernatant) fractions. Neither the pellet nor the supernatant fraction alone retains much or any capacity to direct the synthesis of viral RNA, but reconstitution of the two components results in restoration of most of the transcriptive function.
Temperature-sensitive (ts) mutants (11, 13, 19) of VS virus have been isolated in Glasgow (G group), Orsay (O group), and Winnipeg (W group) and provide a sensitive probe for delineating the physiological parameters of viral transcription. Mutants of complementation groups I and IV (7, 12, 19) are classified as RNA-owing to marked reduction of' RNA synthesis in vivo at restrictive temperatures (17, 20, 26) . Definitive evidence has also been provided for defective transcription at the restrictive temperature for certain group I mutants (6, 8, 21, 22 ). There appears to be some variability among the mutants in complementation group IV, the RNAphenotype of which may or may not be related to defective transcription (6, 21, 22) . If the in vitro transcriptase in either group is defective at restrictive temperature, the lesion could be in either the enzyme or the template. (mutants). Purified B virions were prepared by differential and rate-zonal centrifugation, as previously described (9) , except that, if the virus transcriptase was to be assayed immediately, the final virion pellet was suspended in reticulocyte standard buffer (RSB; 10-2 M KCl, 1.5 x 10-3M MgSO4, 10-2 M Tris-hydrochloride, pH 8.0) to which was added 50 gliters of 6.5 X 10-3 M dithiothreitol (DTT) per ml. For reconstitution experiments in which virus was usually stored overnight at 4 C before dissociation, the final pellet was suspended in RSB containing DTT and 15% glycerol.
All preparations of virus were titrated by plaque assay on monolayers of L cells (24) . The reversion frequency of the mutant stocks was tested for each preparation by plating at 31 and 39 C. No wild-type plaque revertants were detected among any of the four ts mutants ( < 10-8 revertants). In some preparations of mutants ts 05 and ts G13 small plaques, quite distinct from large wild-type plaques, could be detected up to a level of 10-5 of the large plaques observed at 31 C. No plaques of any size were ever detected in preparations of ts Gll or ts G16 plated at 39 C.
Fractionation of VS virions. Virions were fractionated into pellet (template) and supernatant (transcriptase-containing) fractions by a modification of the method of Emerson and Wagner (9) . At all stages the enzyme preparations were handled as gently as possible because the transcriptase is very labile (10) . Virions suspended in RSB-15% glycerol were treated for 1 h at 0 C with an equal volume of 2X concentrated Triton-high salt solubilizer, which contained The preparation was swirled gently every 15 min. Supernatant and pellet fractions were prepared from separate aliquots of the virion preparations exposed to Triton-high salt solubilizer. The supernatant fraction was prepared by centrifuging an undiluted sample at 150,000 x g for 110 min; the supernatant fluid was withdrawn and the pellet was discarded. Pelleted template fractions were obtained by diluting a solubilized virion preparation with six times its own volume of 1X Triton-high salt solubilizer (1 volume of 2X Triton-high salt solubilizer: 1 volume of RSB-15% glycerol) and then centrifuging at 150,000 x g for 110 min. The supernatant was discarded and the pellet was resuspended in an amount of 1X Triton-high salt solubilizer equal to 'h the volume of the solution which had been centrifuged. The pellet fraction was disaggregated by sonic treatment for 20 s in a Raytheon sonicator at an output voltage of 50 V. A third sample of the solubilized virions was diluted with an equal volume of 1X Triton-high salt solubilizer to provide an unfractionated preparation of solubilized virions at a protein concentration equal to that of a 1:1 mixture of the recombined supernatant and pellet fractions.
Transcriptase assay. The method of Emerson and Wagner (9) was modified in an attempt to increase incorporation at 39 C of 3H-UTP by wild-type virus in order to make more feasible the detection of temperature-sensitive transcriptase activity. Several laboratories have reported marked thermolability of wild-type VS viral transcriptase (1, 6, 14, 22) . In experiments in which the activity of solubilized virions was examined immediately after purification, virions were suspended in RSB and an equal volume of 2X Tritonhigh salt solubilizer was added. After 3 min at 0 C, 1.5 volumes of RSB-25% glycerol were added to 1 volume of the solubilized virion preparation, followed by 2. pipetted into test tubes which were capped and incubated at 31 or 39 C. All time points were assayed in duplicate. The amount of tritium incorporation was determined as previously described (9) .
In reconstitution experiments one volume of sample (solubilized virion preparation, supernatant alone, pellet alone, or pellet plus supernatant fractions), which already contained solubilizer, was mixed with 1.5 volumes of RSB-20% glycerol and 2.5 volumes of reaction mixture. The preparation was then assayed as above. Thus, the glycerol concentration was the same in preparations subjected to the fractionation procedure or assayed directly upon purification.
Chemicals. Nucleoside triphosphates and dithiothreitol were purchased from Calbiochem, La Jolla, Calif. Triton X-100 was from Sigma Chemical Co., St. Louis, Mo. 3H-uridine-5'-triphosphate (10 to 25 Ci/ mmol) was obtained from Schwarz/Mann, Orangeburg, N.Y.
RESULTS
Comparative temperature-sensitivity of transcriptive activity of unfractionated VS virions. Before embarking on enzyme-template reconstitution studies, it was essential to characterize the relative temperature sensitivity of each of the group I ts mutants and wt virus. Therefore, a quantitative analysis was made of the RNA transcribed in vitro by purified virions of ts 05, ts Gll, ts G13, and ts G16, as well as that of wt virions, at 31 and 39 C under carefully controlled conditions. In all these studies VOL. 13, 1974 29
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HUNT AND WAGNER RNA synthesis was assayed immediately after purification of virions without storage, and in each case wt virus was harvested and assayed simultaneously with each ts mutant. In this way any variability from one assay to another could be minimized and standardized. Figure 1 shows the rate and extent of RNA synthesis by each ts mutant at 31 and 39 C compared directly with that of wt virus. As noted, incorporation at 31 C of 3H-UTP was approximately the same for each preparation of wt virions when the infectivity of the sample varied little from 108 PFU. The fact that equivalent numbers of infectious virions of the four mutant viruses uniformly incorporated some-
what less 3H-UTP at 31 C suggests reduced efficiency of the mutant transcriptase even at the permissive temperature. Nevertheless, linear kinetics at 31 C are demonstrable for both the wt and mutant enzymes for at least 3 h. Figure 1 also demonstrates that wt virus synthesized RNA far less efficiently at 39 C than at 31 C and the enzyme kinetics were not linear. However, the transcriptase of each ts mutant clearly functioned even less well at 39 C than did that of wt virus and enzyme activity of mutants ts G13 and ts G16 was almost completely inhibited at the restrictive temperature. (22) .
Reconstitution of homologous VS viral template and enzyme fractions. The feasibility of comparing the temperature sensitivity of the transcriptase with that of the nucleocapsid template of ts mutants is greatly dependent on the ability to recover significant enzyme activity after recombination of homologous fractionated components of wt and mutant virions. Therefore, preliminary experiments were per- formed by mixing Triton-high salt-solubilized supematant with pellet fractions of the same virus and testing the incorporation of 3H-UTP at 31 and 39 C compared with that of solubilized but unfractionated virions. No experiments were done with mutant ts Gll because these virions were only slightly more temperature sensitive at 39 C than were wt virions. Preparations of wt or the three other ts mutant virions suspended in RSB-15% glycerol were exposed for 1 h at 0 C to an equal volume of the 2X Triton-high salt solubilizer described in Materials and Methods. One sample was fractionated into pellet and supernatant fractions by centrifugation at 150,000 x g and these fractions were tested individually for residual enzyme activity or recombined and then tested for restoration of 3H-UTP incorporation in a complete transcription assay medium at 31 and 39 C. Solubilized but unfractionated virions served as controls. Table 2 compares the 39 C:31 C ratios of 3H-UTP incorporation at 120 min of solubilized unfractionated and reconstituted virions of wt and mutant virus preparations. In each case incorporation of 3H-UTP was negligible for the wt or mutant supernatant fractions alone at either 31 or 39 C (data not shown). The pellet fractions alone exhibited greater residual activity but in no instance did this represent more than 6% of the 3H-UTP incorporation found for homologous wt or mutant reconstituted pellet plus supernatant. A considerable increase in activity was observed when pellet and supernatant fractions were reconstituted, compared to the activity of pellet and supernatant fractions assayed separately. As noted, temperature sensitivity of the reconstituted wild-type transcriptive activity was similar to that of unfractionated virions. The much greater degree of temperature sensitivity of the ts mutants was confirmed. A somewhat greater degree of temperature sensitivity after reconstitution of pellet and supernatant fractions was noted. This is illustrated by the fact that homologous recombination of the wt template and enzyme resulted in 51 to 67% recovery of transcriptive activity at 31 C but only 42 to 51% at 39 C. All recovery values are calculated from data for reconstituted fractions after correction for incorporation by pellet and supernatant fractions assayed separately. Recovery of transcriptive activity after homologous reconstitution of pellet and supernatant fractions of the three ts mutants was lower than that for wt VS virus. At 31 C, the restoration of 3H-UTP incorporation for ts G13, ts 05, and ts G16 was 20 to 30%, 10 to 25%, and 40 to 50%, respectively. Restitution of 31 VOL. 13, 1974 on October 24, 2017 by guest http://jvi.asm.org/ aVirions in RSB-15% glycerol were disrupted by treatment with Triton-high salt solubilizer and the transcriptase activity of the unfractionated preparation was assayed at 31 and 39 C.
b Virions in RSB-15% glycerol were disrupted by treatment with Triton-high salt solubilizer and separated into supernatant and pellet fractions by centrifugation at 150,000 x g. The two homologous fractions from each type of virion were recombined and assayed for 3H-UTP incorporation at 31 and 39 C. All values are corrected for incorporation by pellet and supernatant fractions assayed separately.
C [(3H-UTP incorporation for 120 min at 39 C)/(3H-UTP incorporation for 120 min at 31 C) 1 x 100.
transcriptive activity of the ts mutants at 39 C was too low to calculate with any assurance of reliable comparison.
Restoration of ts mutant transcriptive activity at 39 C by fractionated components of wt VS virions. The preceding experiments with fractionated mutant virions showed that transcriptive function could be restored by recombining homologous template and enzyme fractions at 31 C but that the template-enzyme complex was still restricted at 39 C. Thus, it was possible to determine the site of the temperature-sensitive lesion of the mutant transcriptase-template complex by determining whether transcriptive activity at 39 C could be restored by wt virion template or enzyme. To this end virions of three ts mutants and wild type were fractionated by Triton-high salt solubilizer and centrifugation. The mutant supernatant fraction was combined with a wt virion pellet fraction and, conversely, the mutant pellet fraction was combined with a wt supernatant fraction. Samples of each heterologous mixture were assayed for incorporation of 3H-UTP into an acid-precipitable fraction at 31 and 39 C. Figure 2 shows that the supernatant fraction of wt virions restored transcriptase activity at 39 C to templates of mutants ts G13, ts G16, and ts 05. In marked contrast, extremely low 3H-UTP incorporation was detected at restrictive temperature when enzyme in each mutant supernatant was recombined with the wt virion template. Clearly, the temperature-sensitive defect in all three group I mutants resides in the supernatant fraction, presumably the transcriptase. In each case the mutant enzyme was active at the permissive temperature as shown by 3H-UTP incorporation at 31 C with wt pellet as template. These experiments also indicate that ts G13, ts G16, and ts 05 all possess a functional template at restrictive temperature as demonstrated by capacity of the mutant pellet fraction to support RNA synthesis at 39 C when recombined with wt supernatant enzyme.
In heterologous reconstitution experiments, the incorporation was usually fairly similar to that observed when the supernatant fraction used in the heterologous experiment was combined with its homologous pellet. The results in Table 2 (homologous reconstitution) and Fig. 2 (heterologous reconstitution) are taken from the same experiment for each ts mutant so that a comparison can be made. DISCUSSION In agreement with the results reported by other workers (6, 21, 22) all the complementation group I mutants examined in the present study had transcriptive activity which was more labile at the nonpermissive temperature of 39 C than was that of wt VS virus at 39 C. However, we observed, as did Szilagyi and Pringle (22) able amounts of faulty RNA that could not be faithfully translated into functional polypeptides, thus resulting in a deficiency of replication and in later secondary transcription.
Unfortunately, the in vitro transcription system is by no means ideal for delineating all the in vivo transcriptional events. For example, in vivo transcription in the presence of cycloheximide is far less temperature sensitive than is in vitro RNA synthesis (16) . Furthermore, it seems reasonable to assume that in vivo transcription of the VS viral genome is complete or very nearly so at all temperatures at which wt VS virus is capable of undergoing a complete infective cycle. The requirement for total genome transcription seems implicit in the evidence that the five structural proteins of the VS virion account for most, if not all, of the viral genetic information (25). Unpublished results (D. M. Hunt) indicate that the plating efficiency of the wt VS virus used in the present experiments is quite similar at 31, 37, and 39 C. In contrast, it has been demonstrated that, although in vitro transcription is complete at 28 C (3), only one-half to one-quarter of the VS viral genome is transcribed at 37 C (5).
We have shown in these experiments that it is possible, as in the case of wt virions (9) , to dissociate ts mutant virions into sedimentable and nonsedimentable fractions (i) which individually contain little or no transcriptional activity, (ii) homologous reconstitution of which results in restitution of much of their original capacity to incorporate 3H-UTP at 31 C, and (iii) in which the recombined components exhibit transcriptional temperature sensitivity similar to that of solubilized but unfractionated virions. These data enabled us to perform heterologous reconstitution experiments in which pellet or supernatant fractions of ts 05, ts G13, or ts G16 were combined with the appropriate pellet or supernatant fraction of wt VS virions. When the reconstituted components consisted of ts pellets plus wt supernatant, the recombinant temperature sensitivity was always characteristic of wt virions. Conversely, when ts supernatants were recombined with wt pellet, transcriptional thermosensitivity was always that of the mutant from which the supernatant fraction was derived. Therefore, it seems evident that the supernatant fraction contains the temperature-sensitive component that is responsible for the transcriptive activity of group I ts mutants. From this and previous work (9, 10) it can be assumed that the Triton-high salt solubilizer dissociates the transcriptase enzyme from the nucleocapsid template. It also appears from these studies that the ribonucleoprotein template of group I ts mutants is similar 3I4JNT AND WAGNER to and interchangeable with the ribonucleoprotein template of wt VS virions, as would be expected if the temperature-sensitive defect is in the mutant enzyme.
Further studies with these mutants will be undertaken to test the temperature-sensitivity of the purified L protein, which has been shown to be required for transcriptase activity (10) .
The supernatant fractions studied in these experiments are known to contain other virion proteins as well as L. It appears unlikely that envelope proteins G and M are required for accurate transcription in vivo because Szildgyi and Uryvayev (23) have shown that a ribonucleoprotein complex, derived from VSV, and containing only L, N, and NS proteins, could infect cells, producing normal virions. The NS protein is not essential for in vitro transcription but it does bind specifically to nucleocapsid template and could function as a cofactor responsible for fidelity of transcription (10) . Reconstitution experiments with purified proteins of these and other mutants might elucidate those factors which regulate transcription.
It is also probable that there are VS viral ts mutants in which the template for transcription, which contains the major nucleocapsid N protein, does not function at nonpermissive temperatures. Possible candidates for such studies are in vivo RNA-mutants of complementation group IV. Of the two group IV mutants examined thus far, ts G44 makes more, and ts G41 makes less, RNA in vitro at 39 C than would be expected if mutant and wt transcriptive activities were identical (unpublished data). Studies with the group IV mutants are in progress but better characterization of their transcriptive activity and their temperature sensitivity is required before attempting to locate a possible lesion by enzyme-template reconstitution experiments.
